The purpose of this study was to investigate the effects of ipsilateral arm movement and contralateral hand grasp on the spastic hand opened by open-loop electrical stimulation. The major problem of applying proper electrical stimulation is variable spasticity, the intensity of which changes with posture and movements of other parts of the body. Electrical stimulation was applied to extensor digitorum communis and ulnar nerve to open the affected hand. Different procedures were then used to assess the effects of moving the ipsilateral forearm and contracting the contralateral normal hand. Electrical stimulation opened the spastic hand in more than 95% of trials in all subjects, whether stimulation was applied before or after the movement of the forearm. Moving the ipsilateral forearm did have an effect on opening the hand, and making adjustment of stimulation intensities was necessary in all subjects. The stimulation opened the spastic hand during the contraction of the contralateral normal hand. Electrical stimulation could open the spastic hands most of the time, in the presence of ipsilateral forearm movement and contralateral normal hand contraction. If electrical stimulation wasapplied before the ipsilateral forearm was moved toward the target, stimulation intensities needed to be adjusted. Key Words: Spasticity-Functional electrical stimulation-Hand.
Stroke often causes both a decrease of muscle power and an increase of muscle tone (i.e., spasticity in an involved extremity). Spasticity, in conjunction with muscle weakness, impairs voluntary control (I) . Conventional rehabilitation is able to reduce spasticity and restore muscle power in mildly and moderately impaired patients. For those more severely affected patients, newly developed functional electrical stimulation (FES) pro-vides promising alternatives (2, 3) . Methods have been proposed for reducing spasticity and improving motor function by using electrical stimulation (4) (5) (6) . For the upper extremities, it has been found that sequentially activating intrinsic muscles and finger extensors with electrical simulation makes the spastic hand open (7) . However, implementing control over spastic muscles in hemiplegic subjects is made difficult by the variable level of spasticity caused by attempted and actual movements of other parts of the body and abnormal coordination of various muscles.
The purpose of this study was to determine whether gross movements of the ipsilateral forearm and the contralateral hand affect the opening of the affected hand achieved by electrical stimulation.
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Methods

Subjects
The subjects were stroke patients with spasticity receiving rehabilitation therapy. Specific criteria for the selection of patients were (a) stable medical condition, (b) good cognitive function, (c) muscle strength greater than grade 3, (d) range of movement adequate to let the hand reach objects in front of the subject, and (e) no contracture of fingers or wrist preventing grasping an object. The purpose of the research and its specific objectives were explained to the subjects. The advantages and potential dangers were also explained. Full consent was obtained before experiments. Four patients participated in this research. Age, sex, and years from their stroke are given in Table 1 .
Instrumentation
The experimental procedure is shown schematically in Fig. 1 . Focus Neuromuscular Stimulation Systems (Empi Inc., St. Paul, MN, U.S.A.) were used to stimulate the muscles. Stimulator was set to produce a train of balanced biphasic pulses with a pulse width of 300 ms, at 35 Hz. Each stimulator had two channels of output, which were gated synchronously by a switch attached to the side of the stimulator. The stimulus intensities were adjusted manually in the range of 0 and 60 mAo In most of the trials, the intensity was between 10 and 40 mA.
One pair of electrodes, for stimulating the extensor digitorum communis (EDC), was placed on the skin approximately 25 mm distal to the lateral epicondyle of the elbow toward the head of the radius. The other pair of electrodes, for stimulating the ulnar nerve, was placed on the ventroulnar side of forearm and 3 cm proximal to the wrist. The electrode positions were then adjusted to achieve the expected response. Stimulation of the EDC is expected to extend the metacarpophalangeal (MP) joint, and stimulation of the ulnar nerve is expected to extend the proximal interphalangeal (PIP) joint.
A video recorder was used to record the whole experiment for retrospective inspection. The stimulus intensity, which the experimenter spoke out during the experiment, also was recorded by the video recorder. The angles of the PIP and MP were measured by electrogoniometers (Penny & Giles Company, Gwent, U.K.).
Single-axis goniometers were used at the PIP and MP joints. A universal force/moment sensor system (JR3 Inc., Woodland, CA, U.S.A.) was used to measure grasp force of the affected hand. Force was measured in the direction between the fingers and palm. The grasp force of the normal (contralateral) hand was measured by a pressure sensor, the output of which was low-pass filtered with a cut-off frequency of 20 Hz. The reason for using a bicycle handle-shaped pressure sensor for measuring the grasp force of the normal hand was that the sensor was easier to squeeze with natural grasp.
The outputs of the mentioned sensors were collected by a program written in LabView (National Instrument Company, Austin, TX, U.S.A.) on a Macintosh computer. The data, sampled at 125 Hz, were shown graphically and numerically on the screen in real time, and simultaneously streamed to and saved on hard disk. The purpose of the real-time display was to allow the experimenter to adjust stimulus intensities during the experiments.
Some Definitions
The desired hand grasp is a modified power grasp, with the modification that the thumb is not used. The object is held between the fingers and the base of the palm. The reasons that this type of grasp is used are that fewer channels of stimulation are required, and grasp function is sufficient for the affected hand to act as an assistant hand. For PIP and MP joints, full extension is defined as the zero position, and flexion is defined as the positive direction. Successful hand opening is defined as the MP joint angle between 0°and 30°, and PIP joint angle, between 0°and 30°.
Experimental Procedure
Brief neurologic examination of the affected upper limb, including muscle strength, spasticity, and tendon reflexes, was performed before and after the stimulation experiment. Muscle strength and tendon reflexes were tested by standard techniques (8) . Spasticity was scored with a modified Ashworth scale (9) .
After examination, control trials without any electrical stimulation were performed, followed by four different stimulation procedures. The purpose of first and second procedures was to investigate the effects of ipsilateral forearm movement, and the purpose of third and fourth procedures was to investigate the influence of contralateral hand grasp. In the first procedure, the stimulator was turned on first. Stimulation intensities were adjusted to open the affected hand, as defined in the previous section (see next section for more details about the algorithm for adjusting the stimulus intensity). The subject was then instructed to move the affected hand to the force sensor plates, while the stimulation intensities were kept constant. When the affected hand reached the plates, the joint angles were checked to see if criteria were met. If not, stimulus intensities were adjusted to meet criteria. After criteria were met, the stimulators were turned off, and the subject was instructed to grasp the plates with maximal force. Then the subject was instructed to relax, stimulators were turned on, and intensities were adjusted to open the hand to meet criteria. After criteria were met, the subject was instructed to move the affected hand back to the starting position. The angles of the joints were checked again and adjustments made, if necessary, to meet criteria. Then the stimulators were turned off, and the procedure completed.
The second procedure was similar to the first procedure except for reversing the order of stimulation and forearm movement. In the second procedure, the subject was instructed to move the hand to the force sensor first, and then the stimulator was turned on and adjusted. After the criteria were met, stimulation was discontinued, and the subject was instructedto grasp and then relax. The stimulation was turned on again and adjusted to open the hand and release the sensor. Then the stimulator was turned off before withdrawing the affected hand.
Procedures three and four were the same as procedures one and two, respectively, except that the subject was instructed to squeeze simultaneously the pressure sensor with the normal (contralateral) hand throughout the whole procedure. The pressure signal of the contralateral normal hand was shown visually to the subject. The subject was told to maintain the pressure at > 10 mm Hg, which, by our observation, was approximately the pressure needed to hold a telephone handset.
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Each procedure was performed 3 times. After all four procedures, control trials without stimulation were performed again. For each subject, an identical experiment was repeated on different days.
Stimulation Sequence
The goal of electrical stimulation is to open the spastic hand with minimal stimulus intensities. It was observed that when the lumbricals and interossei muscles are not stimulated, the actions of the EDC are to extend the MP joints and to flex the PIP joints (7) . Conversely, if the lumbricals and interossei are first stimulated to extend the PIP joint, stimulating the EDC extends the MP joint without flexing the PIP joint. The idea described earlier led to the following algorithm of adjusting the stimulus intensities. The ulnar nerve was stimulated first. The intensity of stimulation was increased until the PIP angle was <30°, and then stimulation to EDC was turned on and increased, followed by decreasing the ulnar nerve stimulation, until the PIP joint angle was equal to 30°.
Data Analysis
Moving the forearm can increase the working range of the hand, but, as stated before, the movements of the arm and other parts of the body may affect opening of the hand. Because the algorithm of electrical stimulation for opening hand is path dependent (I.e., the same stimulus intensities may not open the spastic hand if the sequence of adjusting intensities is different) and it was observed that moving other parts of body made the hand opening inappropriate, the intensities after adjustment that reopened the hand were usually identicalor very close to the original values, we use, instead of intensity itself, the need for intensity adjustment in the analyses.
Statistical Methods
When the electrical stimulation could open the spastic hand, the trial was counted as successful. The number of successful trials for each procedure was calculated.
To see whether the difference between the success rates with and without stimulation is significant, the p values were calculated by the Fisher-Irwin method, treating numbers of successes as variables of Bernoulli distributions (10) . The null hypothesis is that the success rates with and without stimulation are equal. Figure 2 shows the recording of one procedure 1 trial as an example of the experiment. The patient was told to put both hands on the table in a relaxed position. The stimulator was turned on (see panel 4 at time A). Because the criteria were already met, the subject was instructed to move the affected hand forward to the object (time B). The movement made the hand opening out of the criteria range (see panels 1 and 2 at time C), so stimulation to the ulnar nerve was increased until the PIP joint angle met the criteria (see panel 2 at time D). Then stimulation to EDC was increased to make MP joint angle meet the criteria (see panel 1 at time E). After both criteria were met, the stimulator was turned off (see panel 6 at time F), and the subject instructed to grasp maximally (see panel 3 at time G). Then the patient was instructed to stop exertion, yet to keep the hand at the same position [i.e., around the force sensor (time H)). The joint angles were checked again to see if they met the criteria. Because they failed to meet the criteria, the stimulus was turned on. Stimulation of the ulnar nerve was first adjusted so that the angle of the PIP joint met the criterion (see panel 2 at time J), and then adjustment to EDC stimulation was made to meet the criterion of MP joint angle (see panel 1 at time K). After the criteria were met, the patient was instructed to withdraw the hand back to the original position (on the table) (see panel 1 at time L). The joint angles were checked again. They met the criteria (see panel 1 and 2 at time M). No adjustments were made, and the stimulators were turned off. One trial was completed.
Results
The results of all the trials are summarized in the following sections.
The Effects of Stimulation
The success rates with and without stimulation are shown in Table 2 . The trials without stimulation were the control trials, the success rates of which are expected to be low, because all the subjects had difficulty in opening the hand. The success rates with stimulation are> 95%.
The differences are significant, except in subject 54, whose success rate without stimulation was already high.
The Effects of Moving the Affected Forearm
The need for stimulus adjustment across all subjects is shown in Table 3 . It can be seen that every subject needed adjustment for some trials, although the percentages of trials needing adjustment were different. The result implies that the success rate will not be changed whether the patient turned on the stimulator before or after movement, although adjustment of stimulus intensity was needed if stimulation was turned on before the forearm movement.
The Effects of Contracting the Normal Hand
As stated before, procedure three is the same as procedure one, except that the normal hand is actively grasping a cylinder. The same difference applies to procedures two and four. From the results shown in Table 3 , it is evident that no difference in success rates of hand opening can be found from this study. 
Discussion
Previous studies with two channels of stimulation to the EDC and triceps by Merletti et al. (11) showed improvements of hand opening and elbow extension, yet the levels of spasticity were not specified, and two subjects with severe spasticity were ruled out from the study. In our study, two channels of stimulation with a predefined stimulus-adjustment algorithm were used to open cc. LIN The number in parentheses is the number of trials for which adjustments were needed to keep hand opening adequate after ipsilateral arm movement (only move forward is considered). the spastic hand. We found that almost every trial was successful, and the same sequence of stimulus adjustment could reopen the hand, if it was out of range after the movement. All patients~ere able to tolerate the level of stimulation, although in one subject, the effective level for opening the hand was very close to the maximal tolerable leveL
The effects of forearm movements with electrical stimulation in action were different from trial to trial. In some trials, flexion of the MP joint resulted, which was predicted because in stroke patients, attempting specific movements usually leads to co-contraction or mass action, with flexion dominating in the upper extremity. In other experiments, hyperextension of the MP joint resulted. No explanation is available now. The unique and complex interaction between intrinsic and extrinsic muscles of the hand during electrical stimulation may be involved (12) . Some of these muscles, contributing to the balance of hand opening, were not under control and monitored.
This was a pilot study of applying functional electrical stimulation to the spastic hands of stroke patients. The main goal was to investigate the influence of spasticity on the effects of electrical stimulation. The results would facilitate the design of a stimulation algorithm. If electrical stimulation with constant intensity could open the spastic hand persistently, then a simple open-loop stimulator providing constant intensity of stimulation would suffice to make the affected hand a helper hand. Otherwise, a more complex closed-loop stimulator with sensors monitoring joint angles would be needed. The results of this study indicated that constant electrical stimulation could open the spastic hand most of the time but could not resist the effects of movement and exertion of other body parts without adjusting stimulation intensity. In other words, open-loop stimulation might be used when the affected hand was to be used as a stationary fixer. Closed-loop stimulation would be needed under conditions in which moving the affected hand during the work was needed.
There were no data about the optimal time for starting functional electrical stimulation in stroke patients, although evidence exists that electrical stimulation is beneficial in preventing muscle atrophy (13) and spasticity (14) . As spasticity usually appears gradually after stroke, and there is no report indicating that electrical stimulation interferes with recovery, electrical stimulation may be started early after stroke, both for preserving residual functions and for restoring lost functions.
One issue not addressed in this study was grasp strength. If the patients did not have proper grasp force, electrical stimulation to the finger flexors became necessary. This would increase the complexity of the whole stimulation system.
Because we deliberately chose cases with only mild spasticity for experiments and the number of cases was small, the applicability of these results to the whole population of stroke patients must be validated by a largerscale study in the future.
Conclusion
This study showed that electrical stimulation could open the spastic hands most of the time, in the presence of ipsilateral forearm movement and contralateral normal hand contraction. If electrical stimulation was applied before the ipsilateral forearm was moved toward the target, stimulation intensities needed to be adjusted.
